of mammalian cell types. Until relatively recently, the primary cilium was considered a vestigial organelle from our unicellular evolutionary lineage. However, it is now widely acknowledged that cilia play a central role in an increasing number of diverse cellular processes, including chemo-and mechanosensation, signal transduction, phototransduction, and developmental patterning (4, 5, 32, 42) .
The ciliary body (or axoneme) is composed of nine microtubule doublets enveloped in a ciliary membrane. These doublets are composed of ␣-tubulin and ␤-tubulin and are heavily posttranslationally modified through acetylation, glutamylation, or glycylation to increase microtubule stability and functionality (15, 29, 31) . The ciliary membrane forms a distinct region of the cell membrane as lateral diffusion between it and the wider cell membrane does not readily occur (47, 33) . This results in localization of a distinct pool of proteins in the ciliary membrane facilitating concentration of particular receptors and signaling proteins within the cilium (34) . Therefore, the primary cilium represents a highly specialized sensory and signal transduction hub. Numerous receptor signaling components are highly enriched in the cilium, including Sonic Hedgehog signaling proteins, canonical and noncanonical Wnt signaling components, the platelet derived growth factor (PDGF) receptor (12, 26, 42) , and receptors involved in phototransduction and olfaction (3, 24) . The renal primary cilium extends into the lumen of the renal tubule and is proposed to play a major sensory role (46) .The ability of this organelle to sense fluid flow and initiate calcium-based signaling is thought to contribute to the maintenance of normal epithelial phenotype and function throughout the renal tubule (39, 40) .
The physiological importance of the central cilium is highlighted by the growing list of disorders where the primary etiology is rooted in abnormal ciliary function, termed "ciliopathies" (18) . Autosomal dominant polycystic kidney disease (ADPKD), the first disease identified as a ciliopathy, is the result of a single mutation in either polycystin-1 or polycystin-2. ADPKD is characterized by epithelial dedifferentiation and overproliferation, leading to progressive cyst formation, gross architectural disruption of the kidney, end-stage renal disease, and increased risk of renal cancer (17) . Other ciliopathies include Bardet-Beidl syndrome, situs inversus, MeckelGrüber syndrome, and nephronophthisis (2, 6, 9, 36, 48).
More recently, there has been focus on the potential importance of the primary cilium in carcinogenesis. Several studies have observed that primary cilia are suspiciously absent in a variety of cancer cell types, including mammary and pancreatic cancers (43, 50) . In addition, several cilia-related genes are dysregulated in cancer. For example, somatic mutations in the tumor suppressor von Hippel-Lindau, which is necessary for ciliogenesis (13) , occur in the majority of clear cell renal cell carcinomas (41) . In ovarian cancer cells, inhibition of aurora A kinase, which regulates cilia assembly, induced cell cycle arrest (7) . However, the suggested link between the primary cilium and tumorigenesis lies in the fact that cilium formation is closely linked to the cell cycle. In proliferating cells, the centrosomes coordinate spindle pole formation during mitosis. In quiescent or interphase (G 1 phase) cells, the centrosomes migrate to the cell surface to form the mother centriole and subsequently the basal body, which nucleates primary cilium formation. Therefore, an inverse relationship exists between primary cilium formation and cellular proliferation. Since the primary cilium is now known to play a role in maintaining these cell features (14, 22) , there is significant potential for the involvement of ciliary dysfunction in carcinogenesis.
In this study, the effects of known renal carcinogens ochratoxin A (OTA) and potassium bromate (KBrO 3 ) and a noncarcinogen, nifedipine, were examined in a novel proximal tubular epithelial cell line (RPTEC/TERT1). Given the association between ciliary disruption and cancer, we examined the effects of these renal chemical carcinogens on cilia formation in proximal tubular epithelial cells.
MATERIALS AND METHODS
Cell culture and treatment. The human RPTEC/TERT1 renal proximal tubular epithelial cell line, purchased from Evercyte, was used throughout this study. The RPTEC/TERT1 cell line was established via the introduction of human telomerase (hTERT) into primary human proximal tubular epithelial cells (49) . RPTEC/TERT1 cells were maintained at 37°C in a 5% CO2 humidified atmosphere in low-glucose (5 mM) DMEM/nutrient mix F-12 supplemented with ITS, EGF, hydrocortisone, L-glutamine, and penicillin/streptomycin. Cells were maintained for at least 10 days upon reaching confluence before treatment to allow stabilization of the monolayer (27) . Nifedipine, OTA, and KBrO3 were obtained from Sigma-Aldrich. In all cases, DMSO to a final concentration of 0.1% (vol/vol) was used as a vehicle. In all experiments, control cells were also exposed to 0.1% DMSO.
Scanning electron microscopy. Cells were cultured to confluence on Thermanox coverslips (Nunc, Rochester, NY). Monolayers were fixed for 45 min with Karnovsky's fixative (2% formaldehyde, 0.5% glutaraldehyde) and postfixed for 45 min with 1% OsO4 in 0.1 M sodium cacodylate buffer (pH 7.4). Specimens were dehydrated with methanol followed by critical point drying. Specimens were finally sputter-coated with a 30-to 50-nm gold/palladium layer for observation with a scanning electron microscope (JEOL jsm-25s). Images were processed using Adobe Photoshop.
Resazurin assay. Differentiated RPTEC/TERT1 cells were treated with increasing concentrations of OTA, KBrO3, and nifedipine for 72 h in a 96-well format. Following exposure, culture medium was removed and 100 l of 1 mg/ml resazurin in serum-free medium was added to each well and incubated for 120 min at 37°C. Fluorescence was then measured using a Victor Wallac plate reader using 530-nm excitation wavelength and 590-nm emission wavelength. Data are expressed as a percentage of vehicle control (0.1% DMSO).
Phase-contrast microscopy. Cellular morphology was observed by phase-contrast microscopy using a JVC high-resolution digital camera (KY-F55BE) attached to a Nikon TMS phase-contrast microscope. Micrographs were processed using Adobe Photoshop.
Immunofluorescent labeling. RPTEC/TERT1 cells were cultured on eight-well chamber slides (Nunc LabTekII) for 10 days following confluence and then treated as indicated for 72 h. Cells were fixed with 3.7% paraformaldehyde for 20 min at room temperature and permeabilized with 0.2% Triton X-100 (vol/vol). Nonspecific binding was reduced by blocking in 0.5% (wt/vol) BSA/PBS. Acetylated ␣-tubulin was labeled using a mouse anti-human antibody (1:400, Sigma-Aldrich). Zonula occludens-1 (ZO-1) was labeled using a rabbit anti-human antibody (1:300, Zymed). Arl13b was labeled using a rabbit anti-human antibody (1:200, provided by Oliver Blaque). Nuclei were stained with 4,6-diamidino-2-phenylindole (1:1,000). Slides were imaged using a Zeiss LSM510 confocal microscope, and images were processed using ImageJ.
Flow cytometry. RPTEC/TERT1 cells were seeded on six-well culture plates. Ten days following confluence, cells were treated with 300 nM OTA, 1 mM KBrO3, or 10 M nifedipine for 72 h. The supernatant was removed and stored on ice. Cells were then washed with ice-cold PBS, and trypsinized with 5% trypsin-EDTA, which was then neutralized with DMEM/F-12 containing 10% (vol/vol) FCS. Supernatants were added once again to the corresponding samples and centrifuged at 1,000 rpm for 3 min to pellet the cells. Cells were resuspended to a density of 1 ϫ 10 6 cells/ml in ice-cold PBS and pelleted by centrifugation at 1,000 rpm for 3 min. Cells were then fixed with 70% ice-cold EtOH. EtOH was removed by washing with ice cold PBS. Cells were spun down at 3,000 rpm for 5 min and resuspended in 50 ng/ml propidium iodide in EDTA/Triton X-100 buffer for at least 15 min. The effects of all three compounds on cycle were analyzed using an Accuri C6 flow cytometer and FCS Express 4.
RNA isolation and microarray hybridization. PTEC/TERT1 cells were grown to confluence in six-well plates. Ten days postconfluence, cells were treated with 300 nM OTA, 1 mM KBrO3 or 10 M nifedipine for 72 h. Total RNA was extracted (n ϭ 3 for each condition) using TRIzol according to the manufacturer's instructions and purified using RNeasy Mini Kits (Qiagen). RNA purification and quality were assessed using the Agilent 2100 Bioanalyzer to determine the 28S:18S rRNA ratio. Sample preparation, hybridization, washing, staining, and scanning of the Affymetrix Human Genome U133 Plus 2.0 GeneChip arrays were performed at the Netherlands Toxicogenomics Centre (Maastricht, The Netherlands) according to the manufacturer's instructions as previously described (20) .
Microarray data analysis. All analyses were based on normalized expression values generated with Genedata Expressionist 6.2, which after a quality assessment step were normalized with GeneChip RMA (GC-RMA). Normalized data were further analyzed with Genedata Expressionist 6.2 and GeneSpring (GX 10.0.1), respectively. To identify differentially regulated genes for each treatment, at each time point comparisons were made against the time-matched vehicle control. Differentially expressed genes were selected based on the foldchange (2-fold change or greater) and one-way ANOVA (P Ͻ 0.05).
Bioinformatic analysis. Network analysis was conducted with MetaCore Network Tools (GeneGo, San Diego, CA). Gene Set Enrichment Analysis (GSEA) was performed to determine whether the cilia-related gene set was enriched within chemical datasets. GSEA was performed following the developer's protocol (45) (http:// www.broad.mit.edu/gsea/).
Statistical analysis. Loss of the primary cilium following carcinogen exposure was quantified by determining the ratio of cilia to nuclei using multiple independent fields of view (n ϭ 3). The ratio of cilia to nuclei was then expressed as a percentage of the control for each time point. Statistical analysis was performed using one-way ANOVA and a Bonferroni posttest. Statistical significance was assumed for P Ͻ 0.05. Data are shown ϮSE (***P Ͻ 0.001).
RESULTS

Differentiated human renal proximal tubular cells express a primary cilium.
Human renal proximal tubular cells (RPTEC/ TERT1) were differentiated on six-well plates. RPTEC/TERT1 cells formed fluid-filled domes which were distributed across the monolayer, indicating that the epithelial monolayer had formed a functional barrier (Fig. 1Ai) . The presence of cilia on RPTEC/TERT1 cells was examined by both scanning electron microscopy ( Fig. 1A , ii and iii) and indirect immunofluorescent staining for acetylated ␣-tubulin (Fig. 1B) . Primary cilia extended above the apical surface of the RPTEC/TERT1 and were observed in Ͼ90% of cells. A three-dimensional (3D) projection of the collapsed Z-stack confocal images in Fig. 1B shows the spatial distribution of acetylated ␣-tubulin in the cell. Cytoplasmic microtubules were also visualized. However, this cytoplasmic network was located in a different plane from the primary cilium [for 3D projection, see Supplementary Data File 1 (video); supplemental material for this article is available on the journal website]. Using ZO-1 staining to identify cellular borders in conjunction with acetylated ␣-tubulin staining to visualize the primary cilium, it was observed that each cell expressed a single primary cilium (Fig. 1C, i-iii) . The length of the primary cilium varied from cell to cell, ranging from 10 to 20 m (Fig. 1C, iv) . The small GTPase, ADP-ribosylation factor-like protein 13b (Arl13b) is a specific marker for the primary cilium and was seen to colocalize with acetylated ␣-tubulin in the primary cilium in confluent RPTEC/TERT1 cells (Fig. 1D, i-iii) . 
Effects of nifedipine, OTA, and KBrO 3 on RPTEC/TERT1
viability. The effects of OTA, KBrO 3 (which are classified as IARC class IIb renal carcinogens), and nifedipine (a noncarcinogenic compound) on the viability of the RPTEC/ TERT1 cell line were examined using a resazurin cell viability assay to determine the concentration of each compound to be used for transcriptomic profiling. The aim was to induce a limited amount of measurable toxicity across all three compounds. Therefore, a 10% decrease in resazurin conversion was considered an appropriate concentration for all further experiments. Working concentrations were initially determined in a 96-well format (Fig. 2, A-C) and then refined for a 6-well format. The final concentrations to be used for further studies were 300 nM OTA, 1 mM KBrO 3 , and 10 M nifedipine. By phase-contrast microscopy, it was observed that while these concentrations induced significant alterations in cell morphology (such as loss of fluid-filled domes as indicated by arrows), no dramatic reduction in cell numbers was observed (Fig. 3, D-G) . Subtle alterations in the shape and size of cells were also observed following treatment with OTA, KBrO 3 , and nifedipine compared with vehicle controls.
Renal carcinogens induced loss of the primary cilium in proximal tubular epithelial cells. The effects of nifedipine, OTA, and KBrO 3 exposure on the primary cilium of the RPTEC/TERT1 cell line was assessed using immunofluores- cent labeling of acetylated ␣-tubulin. This was carried out at three time points (6, 24 , and 72 h). Exposure to nifedipine, OTA, and KBrO 3 for 6 h had no effect on the proportion of ciliated cells compared with vehicle controls (Fig. 3, A-D) . By 24 h, however, cells exposed to either OTA or KBrO 3 displayed a definite trend toward a reduction in the proportion of cells expressing a primary cilium (although these did not reach statistical significance) (Fig. 3, E-H) . By 72 h, RPTEC/TERT1 cells exposed to either OTA or KBrO 3 showed a statistically significant and nearly complete loss of cilia (n ϭ 3, ***P Ͻ 0.001) (Fig. 3, I-L) . While a small proportion of cells did retain cilia, these appeared dramatically shortened compared with those of vehicle controls. In contrast, exposure to nifedipine had no statistically significant effect on the proportion of ciliated cells even after 72 h (Fig. 3, I-L) . After 72-h exposure, there appeared to be more acetylated ␣-tubulin in the cytosol following exposure to OTA and particularly KBrO 3 compared with vehicle controls and nifedipine-treated cells.
Effects of OTA and KBrO 3 on the microtubule network. To further explore the finding of increased acetylated ␣-tubulin in the cytosol following OTA and KBrO 3 exposure, we decided to investigate potential effects on microtubule organization by examining total ␣-tubulin and ␤-tubulin using immunofluorescence. Primary cilia were observed in both control and nifedipine-treated cells following 72-h exposure stained with ␣-tubulin (Fig. 4, A and B) and ␤-tubulin (Fig. 4, E and F) , although the primary cilia were less distinguishable from cytosolic staining of microtubules than in those cells stained with acetylated ␣-tubulin (Fig. 3, I and J) . While some minor alterations in ␣-tubulin were observed following nifedipine treatment (Fig. 4B) , there were no gross changes in the overall microtubule network, which was indicated by staining with either ␣-tubulin (Fig. 4, C and D) or ␤-tubulin (Fig. 4 , G and H) following treatment with either OTA or KBrO 3 . This would indicate that the changes detected in Fig. 3 following KBrO 3 and OTA were confined to acetylated ␣-tubulin.
Effects on the cell cycle. The effects OTA, KBrO 3 , and nifedipine on the cell cycle of differentiated RPTEC/TERT1 cells were analyzed by propidium iodide staining using flow cytometry. Nifedipine had no significant effect on the proportion of cells in the G 0 /G 1 , S, and G 2 /M phases of the cell cycle (Fig. 5A) . Surprisingly, OTA did not significantly affect the proportions of cells in the different phases of the cell cycle compared with vehicle control after 72-h exposure: G 0 /G 1 (85.48 vs. 80.56%), S (2.56 vs. 2.66%), and G 2 /M (11.97 vs. 16.78%). These results suggested that 300 nM OTA had no significant effect on the RPTEC/TERT1 cell cycle (Fig. 5B) . In contrast, KBrO 3 caused a significant increase in the proportion of aneuploid cells. The remaining diploid cells showed a decrease in the proportion of cells in the G 0 /G 1 phase of the cell cycle (from 85.48 to 61.15%; see Table 1) , with a corresponding increase in the proportion of cells in G 2 phase of the cell cycle (from 11.97 to 38.5%; see Table 1 ). These results indicate that the exposure to KBrO 3 resulted in gross chromosomal abnormalities with a significant proportion of diploid cells reentering the cell cycle (Fig. 5C) .
Effects of nifedipine, OTA, and KBrO 3 on the RPTEC/ TERT1 gene expression profile. RNA was isolated from cells exposed to 10 M nifedipine, 300 nM OTA, and 1 mM KBrO 3 at 6, 24, and 72 h. Gene expression profiles at each time point were compared with time-matched vehicle controls to identify differentially regulated genes. At 6 h, 31 genes were significantly affected by nifedipine (24 downregulated and 7 upregulated), 7,564 genes were significantly affected by OTA (5,260 downregulated and 2,304 upregulated), and 148 genes were significantly affected by KBrO 3 (90 downregulated and 58 upregulated). At 24 h, 375 genes were significantly affected by nifedipine (365 downregulated and 10 upregulated), 10,802 genes were significantly affected by OTA (6,902 downregulated and 3,900 upregulated), and 1,736 genes were significantly affected by KBrO 3 (1,347 downregulated and 389 upregulated). By 72 h, 136 genes were significantly affected by nifedipine (63 downregulated and 73 upregulated), 6,944 genes were significantly affected by OTA (3,802 downregulated and 3,142 upregulated), and 3,149 genes were significantly affected by KBrO 3 (1,951 downregulated and 1,198 upregulated).
Cilia gene set. Using a number of publicly available sources including the Ciliome database (http://www.sfu.ca/ϳleroux/ ciliome_database.htm) and published literature, a list of genes which are known to be involved in ciliogenesis and maintenance of the cilium was compiled to form a cilia gene set (see Supplementary Table S3 for the full cilia gene set). GSEA was performed on the differentially regulated data sets for each compound to determine whether the cilia gene set was enriched in each condition (Fig. 6) . The cilia gene set was not found to be enriched at any time point in cells exposed to nifedipine. In contrast, the cilia gene set was enriched after OTA treatment at all three time points with the highest enrichment score observed after 6 h. The cilia gene set was also enriched by exposure to KBrO 3 at the 24-and 72-h time points, but not at 6 h. This analysis suggests that significant numbers of genes related to cilia formation and maintenance were dysregulated by exposure to OTA and KBrO 3 . To further characterize the nature of these transcriptomic changes, a detailed characterization of the individual genes affected was performed and is summarized in Table 2 . Nifedipine did not result in dysregulation of any ciliary genes at any time point in the RPTEC/ TERT1 cell line. Of the genes found to be significantly dysregulated by OTA and KBrO 3, genes involved in ciliary targeting such as KIF3A, KIF3B, ARL6, and several of the BBS gene family members were dysregulated. Of note was the observation that the vast majority of the genes which were dysregulated by OTA or KBrO 3 were downregulated. To further characterize the effects of OTA and KBrO 3 on canonical signaling pathways in RPTEC/TERT1 cells, a global pathway analysis of the transcriptomic data was performed using MetaCore (Table 3 ). This analysis identified the most significantly dysregulated pathways in OTA-and KBrO 3 -treated cells. A number of pathways with relevance to cancer development were identified, and several of these such as Wnt, transforming growth factor (TGF)-␤ related cytoskeletal remodeling, cell cycle, epithelial-mesenchymal transition, and cell adhesion were common to both OTA and KBrO 3 (Table  3 ). However, in some cases, OTA and KBrO 3 resulted in opposing effects on these common pathways. For example, the cell cycle influence of Ras and Rho proteins on the G1/S transition network was negatively regulated by OTA, but this gene network was positively regulated by KBrO 3 .
DISCUSSION
The primary cilium is essential for a wide variety of cellular functions (8, 44) . The ubiquitous presence of this organelle indicates that the primary cilium likely plays an important role across many cell types and species. In this study, we have shown that differentiated human proximal tubular epithelial cells express a single primary cilium. Furthermore, we have shown that after exposure to two renal carcinogens these cells lose their primary cilium. This deciliation was not a generalized response to nephrotoxin exposure, and perhaps more significantly, loss of the primary cilium did not necessarily coincide with reentry into the cell cycle. While KBrO 3 induced significant chromosomal abnormalities and limited reentry into the cell cycle, OTA had no effect on the cell cycle, suggesting that there are likely diverse mechanisms underlying the effects of these two carcinogens. Gene expression analysis demonstrated that loss of the cilium was correlated with significant dysregulation of cilia-related genes and further underlined the divergent mechanisms of OTA-and KBrO 3 -induced deciliation.
Loss of the primary cilium may occur through two distinct mechanisms. The cilium may be reabsorbed into the cell body, or the entire organelle may be shed from the surface of the cell. Removal of the primary cilium through reabsorption occurs as cells progress through the cell cycle. Indeed, removal of the cilium is a necessary event for mitosis to occur as the mother centrioles which nucleate the primary cilia also contribute to formation of the centrosome, the microtubule-organizing center responsible for arranging the mitotic spindles during mitosis (23) . Ciliary shedding, on the other hand, may be a response to exposure to toxic stimuli (37) . In this study, we have shown that loss of the primary cilium occurred following exposure of human renal proximal tubular cells to the renal carcinogens KBrO 3 and OTA as early as 24 h following exposure, and that by 72 h deciliation was almost complete. The loss of the cilia was also associated with increased levels of acetylated ␣-tubulin in the cytosol, especially following treatment with but that this pool of acetylated tubulin remains cytosolic as there is no ciliary axoneme to incorporate it. In our present study, the primary cilia were unaffected by the noncarcinogenic nifedipine, so this was not a generalized response to the presence of a chemical stressor. However, a wider panel of chemical carcinogens should be examined in future studies to determine whether this effect is an important event during chemical carcinogenesis or a compound-specific observation.
To further characterize the mechanisms governing loss of the primary cilium following exposure to both OTA and KBrO 3 , we analyzed the effects of both compounds on the gene expression profile of the RPTEC/TERT1 cells at early (6 h), medium (24 h), and late (72 h) time points. A gene set with known ciliary function was compiled to facilitate a targeted approach to this analysis. Both OTA and KBrO 3 were found to cause significant dysregulation of many genes involved in ciliogenesis and cilia maintenance in RPTEC/TERT1 cells. Pathway analysis of the RPTEC/TERT1 transcriptomic data using MetaCore pathway analysis revealed that Wnt signaling and cytoskeletal remodeling were ranked the most significantly altered pathway following both OTA and KBrO 3 treatment. Previous studies have shown that loss of the primary cilium results in enhanced canonical Wnt signaling in cells (16) . Recent evidence has suggested that ␤-catenin is sequestered in the cilium, suggesting that an intact cilium acts as a negative regulator of Wnt signaling (25) . Since canonical Wnt signaling is implicated in the progression of malignant tumors, this is a potential mechanistic link between deciliation and carcinogenesis. Investigation of individual cilia-related genes revealed a number of potentially important transcriptional alterations. Kinesin II is a heterotrimeric motor complex composed of Kif3a, Kif3b, and KAP-3, which is responsible for anterograde transport to the ciliary tip. Mice lacking correct kinesin II function fail to form primary cilia (28) . In the current study, OTA caused downregulation KIF3A as early as 6 h, and this downregulation was maintained until the 24-h time point when both of the remaining components of kinesin II, KIF3B and KIFAP3, were also downregulated, suggesting significant disruption of anterograde transport following OTA exposure. At the medium and late time points, numerous components of the intraflagellar transport or IFT pathway and BBS genes were dysregulated. Given that BBS and IFT pathways are known to be involved in maintenance of the primary cilium, this finding supports the time-dependent effects on deciliation observed following OTA and KBrO 3 exposure at the medium and late time points. Anterograde IFT is responsible for transport of intracellular cargo, including receptors, signaling components, and tubulin, to the cilium. The BBSome is believed to play a role in targeting membrane proteins to the primary cilium (21), and knockdown of individual components in either pathway Percentage of the cell populations residing within each phase of the cell cycle following nifedipine, ochratoxin A (OTA), and potassium bromate (KBrO3) treatment for 72 h. Fig. 6 . Effects of carcinogens on cilia-related genes. Gene Set Enrichment Analysis (GSEA) was performed to determine if the cilia gene set was significantly enriched in nifedipine-, OTA-, and KBrO3-treated cells. A sample GSEA enrichment plot is depicted.
has been shown to hinder construction of the primary cilium (28, 35, 38) . Our data indicate that OTA and KBrO 3 may inhibit anterograde transport toward the cilium, resulting in shortening and ultimately reabsorption of the cilium. The retrograde motor dynein 2, which is responsible for transport from the cilium toward the cell, was also downregulated by OTA at all three time points and by KBrO 3 at 24 and 72 h. Studies have shown that dynein 2 depletion can result in shortening of the cilium (1, 19, 30) .
Since loss of the primary cilium facilitates progression through the cell cycle, we examined whether OTA or KBrO 3 caused alterations in the cell cycle. Nifedipine, which did not cause loss of primary cilia, did not significantly affect the proportion of cells residing in the G 0 /G 1 phase of the cell cycle. Similarly, exposure to OTA did not induce an observable effect on the cell cycle. Previous studies have reported that OTA induces mitotic arrest (11) , and downregulation of several cell division cycle proteins including Cdc25 and Cdk1 was seen 24 h following OTA treatment of GES-1 cells (10). In the current study, pathway analysis of transcriptomic data suggested that OTA may negatively regulate factors which promote G 2 /S progression. In contrast, KBrO 3 caused a significant increase in the proportion of cells in the G 2 /S phase, and this finding was in keeping with our pathway analysis which identified the cell cycle as the sixth most significantly dysregulated pathway following exposure to KBrO 3 . It is unclear whether loss of the Fold-change of cilia-related genes found to be significantly dysregulated by 300 nM OTA or 1 mM KBrO3. Nif, nifedipine. P Ͻ 0.05, fold-change Ն2 at 6-, 24-, and 72-h time points. primary cilia is a cause of, or a result of, cells reentering the cell cycle following treatment. However, our observation that OTA-induced deciliation appears to occur independently of cell cycle progression is a significant finding and one that requires further investigation. Taken together, these results suggest that while both OTA and KBrO 3 induced deciliation in the RPTEC/TERT1 cells, distinct mechanisms are likely involved, and the divergent effects on cell cycle may be related to the proposed mechanisms of carcinogenicity for each chemical (i.e., OTA is a nongenotoxic, promoting agent, while KBrO 3 is directly genotoxic).
The current study has characterized the primary cilium in a novel human renal proximal tubular epithelial cell line, RPTEC/TERT1. We have identified loss of the primary cilium as a potentially important effect of exposure to chemical carcinogens, and further elucidation of the mechanisms underlying these deciliation events will further enhance our understanding of the role of the primary cilium in carcinogenesis.
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The most significantly dysregulated canonical pathways as determined by MetaCore pathway analysis for both OTA and KBrO3 are listed. Those pathways which are unique to either OTA or KBrO3 treatment are shown in bold, while the remaining pathways are common to both treatment groups.
